SUMMARY. It has been proposed that breakdown of the excitation-contraction coupling sytem plays a pivotal role in myocardial dysfunction during the course of acute ischemia. We tested this hypothesis by characterizing the function of the sarcoplasmic reticulum at pH 7.1 and 6.4 after 7.5, 15, and 30 minutes of canine normothermic global ischemia. At pH 7.1, whole heart homogenate sarcoplasmic reticulum demonstrated a 49% depression of oxalate-supported calcium uptake at 7.5 minutes of ischemia, which progressed to 85% at 30 minutes of ischemia. At pH 6.4, control homogenate calcium uptake rates were significantly depressed, accompanied by a further depression in the ischemic groups. Isolated sarcoplasmic reticulum calcium uptake mirrored the effects of the whole heart homogenate. Calcium-stimulated magnesium-dependent ATPase (calcium-ATPase) activity was significantly depressed by both ischemia and acidosis, with a decrease in the coupling ratio (/*mol calcium/^mol ATP) at 15 and 30 minutes of ischemia. Acidosis (pH 6.4) significantly shifted the sarcoplasmic reticulum pCalcium-ATPase curve to the right, increasing 50% activation from pCalcium 6.0 to 5.5 and depressing the maximum velocity (pH 7.1 = 2.06 ± 0.14; pH 6.4 = 1.41 ± 0.05 fimo\ PJmg per min; P < 0.01). With ischemia, there was a progressive decrease in maximal activation of the calcium-ATPase enzyme and a progressive shift in calcium sensitivity to a higher concentration. Steady state calcium uptake, in the absence of oxalate, demonstrated a similar depression after 7.5 and 15 minutes of ischemia at pH 7.1 and 6.4, associated with a significant increase in the passive permeability coefficient for calcium. Sarcoplasmic reticulum isolated from the 30-minute ischemic groups could not support steady state calcium uptake. It is concluded that during short-term normothermic ischemia, there is significant and progressive sarcoplasmic reticulum dysfunction which is magnified at pH 6.4, characterized by a decrease in calcium uptake and ATPase activity. There is also an uncoupling of calcium transport from ATPase activity which may be the result in part of an increase in the calcium permeability of the sarcoplasmic reticulum membrane. It is postulated that, during primary myocardial ischemia, this breakdown in sarcoplasmic reticulum function may serve as the source of intracellular calcium overload. (Circ Res 55: 176-184, 1984) 
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The sarcoplasmic reticulum (SR) of cardiac muscle is a potential mediator of the early responses to ischemia and hypoxia, and could contribute to the intracellular calcium overload seen in the final, contracture phase*. The SR has been shown to serve as both the source and sink for coupling calcium in the excitation-contraction coupling system (Fabiato and Fabiato, 1975) . Depression of SR function during ischemia would result in the loss of regulation of intracellular calcium. This hypothesis gains credence from the earlier work of McCallister et al. (1978) , who demonstrated swelling and distortion of the SR T-tubule system after 20 minutes of normothermic ischemia, and by de Leiris and Feuvray (1979) , who found extensive SR damage after 30 minutes of acute ischemia. Functionally, there are few studies which indicate damage to the SR enzyme-transport system during ischemia. Schwartz et al. (1973) found a defect in SR calcium release after 12-60 177 minutes of ischemia, whereas, with 30 minutes of ischemia, Hess et al. (1980) found calcium uptake to be depressed. Feher et al. (1980) found depressed calcium uptake after 60 minutes of normothermic ischemia; however, they also cautioned that the isolated SR fraction was injured out of proportion to the SR calcium uptake in the whole heart homogenate, suggesting either an injury process occurring during isolation, or a selection process for a more damaged SR preparation. These studies indicate that the time course for damage to the SR is more rapid than previously appreciated, and indicate that SR dysfunction may be related to the loss of tension development during the course of ischemia.
The mediators of this potential SR dysfunction are not well defined, but one potential candidate is an increasing hydrogen ion concentration. The pH of the myocardium has been found to be in the range of 6.0-6.4 in both global ischemia, using 31 Pnuclear magnetic resonance (Garlick et al., 1979) , and during regional ischemia, using a fiberoptic photometric probe (Tait et al., 1982) . Poole-Wilson (1980a, 1980b) have correlated the acidosis of both ischemia and hypoxia with a decrease in tension development which becomes irreversible between 15 and 30 minutes, in spite of normalization of the pH. In addition, Mandel et al. (1982) have found a decrease in the rate of formation and decomposition of the high energy phosphate intermediates (E-P) in cardiac SR between pH 6.0 and 6.8. The decrease in the rates of formation and decomposition of E-P with a decline in pH indicate that this would be a viable explanation for a depression in the rates of SR calcium uptake during ischemia. Fabiato and Fabiato (1978) found that a decrease in pH caused a depression of calcium loading and calcium-induced calcium release in the skinned cardiac muscle fiber at pH 6.2-6.6. This is significant, because the amount of calcium released under the acidotic conditions was not enough to activate the myofilaments fully.
Based on this background, we designed the following study in an attempt to characterize SR function during the course of short-term (7.5-30 minutes) normothermic global ischemia. Specifically, we sought to answer the following questions: (1) Is the sarcoplasmic reticulum isolated from the ischemic myocardium representative of the SR present in the whole heart homogenate? (2) Is there a defect in the SR calcium transport system in the ischemic myocardium? (3) Does a decrease in the pH result in an exaggeration of this defect? (4) Can this defect be localized in the Ca ++ -ATPase, or is it the result of an alteration in the membrane barrier to calcium in the SR? (5) What is the relationship between ischemia and an acidotic pH on the calcium transport system of the SR?
Methods

Surgical Procedure
In inducing normothermic global ischemia, we used the following modifications of the method of Hess et al. (1980) . Adult mongrel dogs of either sex weighing 20-25 kg were anesthetized with sodium pentobarbital (30 mg/ kg, iv). The animals were intubated and ventilated with room air, utilizing a Harvard positive pressure respirator. A median sternotomy was performed and the azygus vein ligated. The superior and inferior venae cavae were isolated. A pericardiectomy was performed and a pericardial cradle created. Normothermic, global ischemia was induced with ligation of the venae cavae, permitting the heart to empty, and then electrical fibrillation was induced with a 9-V AC fibrillator. The aorta then was crossclamped, a temperature probe inserted into the septum, and, with the use of hearing pads, septal temperature was maintained at 37 ± 2°C. The experimental design consisted of sham-operated controls (n = 6) and normothermic global ischemia of 7.5 minutes (n = 5), 15 minutes (n = 6), and 30 minutes (n = 5). Following the ischemic period, the hearts were rapidly excised, placed in iced, normal saline, and the SR was isolated as described below.
Analytical Procedures
Isolation Procedure for Sarcoplasmic Reticulum
Cardiac SR was isolated by differential centrifugation at 4°C by the method of Hess et al. (1981) . A fraction of the 4:1 dilution from the initial homogenization steps was reserved to study SR calcium transport in the whole heart homogenate. After the first centrifugation, the supernatant was filtered through eight layers of cheesecloth. The remaining pellet then was rehomogenized, passed through cheesecloth, and the supernatants combined and centrifuged at 10,400 g max for 15 minutes. The resultant supernatant was filtered through 12 layers of cheesecloth and centrifuged at 51,000 g max for 60 minutes in a Beckman L5-65B ultracentrifuge. The resultant pellet was resuspended in a solution containing 1.0 M KCI and 10 ITIM imidazole, pH 7.0. This suspension was hand-homogenized, using a glass tissue grinder with a Teflon pestle, and then centrifuged at 198,000 g max for 60 minutes. The resultant pellet, termed sarcoplasmic reticulum, was resuspended in a solultion containing 30% sucrose +10 mM imidazole, pH 7.0, to yield a final protein concentration of 4-8 mg/ml as determined by the method of Lowry et al. (1951) . All analytical studies were performed in duplicate.
The fraction of the heart termed homogenate was prepared by centrifugation at 755 g max for 10 minutes following homogenization of the tissue, as described above. The inclusion of this low speed step removes unfractionated cells, debris, and nuclei, and results in the post-nuclear supernatant which has been utilized in the characterization of membrane fractions from other muscle (Matlib et al., 1979) . This post-nuclear supernatant fraction contained the most sarcoplasmic reticulum from both the control and ischemic groups (homogenate calcium uptakes at 37°C, pH 7.1: nmol Ca ++ /rng protein per min. Controlcrude homogenate = 33 ± 6.2; post-nuclear supernatant = 67 ± 5.0; pellet from the 750 g TOX X 20 minutes centrifugation = 34 ± 5.0; 30-minute ischemia: crude homogenate = 10 ± 3.0; post-nuclear supernatant = 23 ± 2.0; pellet from the 750 g ma% x 20 minutes centrifugation = 12 ± 2.5). After centrifugation, the supernatant was decanted through eight layers of cheesecloth and a protein determination was performed. Oxalate-supported calcium uptake studies were performed using an incubation medium at 37°C consisting of 18 mM imidazole (pH 7.1 or 6.4), 104 mM KC1, 10 mM K-oxalate, 10 mM NaN 3/ 5 rriM ATP (pH 7.1 or 6.4), 5 mM MgCl 2 , 200 HM CaCl 2 , 0.05 fiCi/m\ 45 Ca ++ , and a protein concentration of 1 mg/ml. Calcium uptake was determined by filtering aliquots of the incubation medium through 0.45 fim Millipore filters and counting the filtrates in a liquid scintillation spectrophotometer and determining the loss of 45 Ca ++ from the total present in the bath. Calcium uptake rates were determined by linear regression analysis of the data from each time point during the incubation period and expressed in terms of /imol Ca ++ /mg per min.
Isolated Sarcoplasmic Reticulum Studies
Calcium Uptake and ATPase Activity
Oxalate-supported calcium uptake was determined with the same incubation medium described above, except that the protein concentration was 0.15 mg/ml. An aliquot of the filtrate was also utilized to determine the amount of Pi released from the hydrolysis of ATP, following the method of Penney (1976) . This liberated Pi was utilized as an index of the operation of the calcium "pump,' and is indicative of the ATPase activity of the sarcoplasmic reticulum, during which time the vesicle was actively sequestering calcium. The ratio of calcium transported to the amount of ATP hydrolyzed, gives the coupling ratio of the calcium "pump."
pCa-ATPase Activity
Sarcoplasmic reticulum Ca ++ ,Mg ++ -ATPase activity was determined by incubating the purified SR (0.15 mg/ ml) at 37°C in a bath with the following composition: 100 mM K + lotal , 3.16 mM Na + (ota i, 3.16 mM Mg ++ -ATP, rce , 10 mM EGTA, 20 mM imidazole (pH 7.1 or 6.4), Ca ++ free , ranging from 1 nM to 32 MM and an ionic strength of 0.16 M. We determined the ionic concentrations by utilizing the computer program of Fabiato and Fabiato (1979) , which simultaneously solves the multiequilibrium equations when the appropriate apparent stability constants are used. The absolute stability constants presented by Fabiato (1981) were utilized. After incubation, aliquots were filtered through 0A5-fim Millipore filters, placed on ice, and the amount of inorganic phosphate determined by the method of Penney (1976) . The specific activity of Ca ++ ,Mg ++ -ATPase was determined (ftmol Pi/mg per min) by linear regression analysis. The Hill coefficient was determined by Hill plot analysis (Hill, 1913) using the data between 10 and 90% of full activation.
Steady State Calcium Uptake
The sarcoplasmic reticulum vesicles were actively loaded in the absence of calcium precipitating anions until steady state was achieved; this was established within 30 seconds after the addition of ATP. The reaction bath contained 104 mM KG, 20 mM imidazole (pH 7.1 or 6.4), 10 mM NaN 3 , 0.1 mM ATP (pH 7.1 or 6.4), 2 mM MgCl 2 , 4 fiM added CaCl 2 , and 0.2 Ci/ml 45 Ca ++ in a total volume of 4 ml at 37°C. The protein concentration ranged from 0.15 to 0.30 mg/ml, depending on the amount needed to observe steady state uptake between 50 and 70% of the total calcium in the bath. The total calcium in the bath was measured by atomic absorption spectrophotometry, using a Perkin-Elmer model 380 instrument, following acid extraction of the incubation medium which was complete except for the deletion of the 45 Ca ++ tracer. The total calcium ranged from 9.4 to 10.5 fiM. The uptake reaction to an otherwise complete bath. The total amount of calcium associated with the sarcoplasmic reticulum was determined by filtering 0.3-ml aliquots of the bath through 0.45 MM Millipore filters. The filtrate was counted in a liquid scintillation spectrophotometer, and the calcium associated with the sarcoplasmic reticulum was calculated from the amount of 45 Ca ++ remaining in the filtrate as compared to the total amount in the bath. Steady state occurred when net calcium uptake was not changing as determined by filtration.
Passive Calcium Efflux
After steady state was reached, the diffusional calcium efflux was determined by quenching the ATP-dependent calcium fluxes by the addition of EGTA to the bath in a final concentration of 2.5 mM and filtering aliquots of the bath at 0.1-minute intervals for the first 0.6 minute. The volume of EGTA added to the bath was 0.022 ml, which was not enough to have an effect on the final concentration of the other constituents in the bath. The first order rate constant was determined by linear regression of the first order plots of the calcium remaining in the vesicles as determined by filtration. The passive efflux, J p , was determined by the product of the initial load and the first order rate constant. The initial calcium load was determined by extrapolating the first order efflux curve to the time when the EGTA was added. To demonstrate that the calcium efflux was passive and dependent only on the calcium load, total calcium was varied by the addition of 20, 40, 60, and 80 MM EGTA to the bath prior to the addition of the Mg ++ -ATP solution. The decrease in the efflux with a decrease in the calcium load was indicative of a passive rate dependent only on the permeability of the membrane and the calcium load Briggs, 1982, 1983) .
Statistical Analysis
Two sets of statistical comparisons were made. Student's f-test was used when comparing two populations to each other. Comparisons of subsequent interventions to controls were made using a one-way analysis of variance, followed by a Duncan's multiple range test (Walpole, 1974) . Differences were considered significant when P < 0.05. Figure 1A presents the effects of ischemia on calcium transport in isolated cardiac sarcoplasmic reticulum (SR) and whole heart homogenate at pH 7.1. At pH 7.1, calcium uptake by the control homogenate fraction was 68 ± 7 nmol Ca ++ /mg per min, which decreased by 49% at 7.5 minutes of ischemia and progressively declined to 78% and 85% depression at 15 and 30 minutes of ischemia, respectively. At pH 6.4 (Fig. IB) , control homogenate calcium uptake was significantly depressed compared with that at pH 7.1 (40 ± 5 nmol Ca ++ / mg per min, P < 0.05), and each period of ischemia demonstrated a further significant depression in calcium uptake rates from control (pH 6.4) (36% depression at 7.5 minutes, 54% depression at 15 minutes, and 80% depression at 30 minutes).
Results
In the isolated SR, after 7.5 minutes of ischemia, a 55% depression in calcium uptake rate occurs at pH 7.1, which increases to 80% with 15 minutes of ischemia. The decrease in uptake is not linearly dependent upon time. At pH 6.4 (Fig. IB) , control calcium uptake by the isolated sarcoplasmic reticulum is significantly depressed (pH 7.1 = 1.38 ± 0.1; pH 6.4 = 0.54 ± 0.08 fimol Ca ++ /mg per min; P < 0.01). Compared with the pH 6.4 controls, 7.5 minutes of global ischemia caused a 35% depression in calcium transport, a 61% depression at 15 minutes, and 81% depression at 30 minutes of ischemia. In all cases, the ischemia populations were significantly different (P < 0.05) from the controls and each other, at both pH 7.1 and pH 6.4.
Having demonstrated a depression of calcium transport in the isolated SR that is similar to the depression observed in SR calcium transport in the whole heart homogenates, we sought to determine a mechanism by which a depression in calcium uptake could occur. The major alterations which could result in a decreased calcium uptake were (1) an uncoupling of calcium transport from ATP hydrolysis by the SR ATPase, (2) a decrease in the activity of the SR ATPase, and (3) an increase in the permeability of the SR membrane which would result in the efflux of transported calcium prior to the complexing with oxalate. Figure 2 presents the SR ATPase activity monitored concomitant with calcium uptake in Figure 1 . At pH 7.1, control activity was 2.35 ± 0.05 /imol ?J mg per min. After 7.5 minutes of ischemia, enzyme activity had decreased by 34%, and this progressed to a 48% and a 74% depression of enzyme activity at 15 and 30 minutes of ischemia, respectively. At pH 6.4, control ATPase activity was depressed by 61%, compared to the pH 7.1 control. With 7.5 minutes of ischemia, SR ATPase activity at pH 6.4 was depressed by 73% compared to the 7.1 control, and this progressed to an 80% and 85% depression of enzyme activity at 15 and 30 minutes of ischemia, respectively. Table 1 presents the coupling ratios (/imol Ca ++ transported/Mmol ATP hydrolyzed) at pH 7.1 and 6.4, respectively. At both pH 7.1 and 
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6.4, control coupling ratios were not different from each other. With the onset of ischemia, coupling ratios progressively decreased, with a slightly greater decrease observed at pH 6.4. Thus, an uncoupling phenomenon may partially explain the decrease in calcium transport. Further insight into the role of acidosis and ischemia on SR ATPase activity was obtained by performing pCa-ATPase studies in the absence of oxalate and in the presence of the calcium ionophore A23187 (Pringle and Hidalgo, 1982) . In control studies, in the presence of oxalate and/or A23187, no stimulation of the ATPase activity was observed, indicating that both oxalate and A23187 maintained intravesicular calcium levels low enough not to saturate the low affinity calcium binding sites and inhibit activation.
Having established that A23187 has no appreciable effect on ATPase activity at either pH 6.4 or 7.1, we next characterized the function of the ATPase enzyme system from each of the experimental groups at both 6.4 and 7.1. Figure 3 presents the pCa-ATPase relationship of the Ca ++ -ATPase from cardiac SR at pH 7.1 and 6.4 in the presence of 2 HM A23187 and absence of oxalate. Increasing hydrogen ion concentration results in a significant shift in the pCa-ATPase relationship to the right. Fifty percent activation of the Ca ++ -ATPase activity occurs at a pCa of 6.0 at pH 7.1, whereas at pH 6.4, there is a shift to the right resulting in 50% activation occurring at pCa 5.5. At pCa 5.25, which corresponds to maximal activation at pH 7.1, the ATPase activity at pH 6.4 is 50% of the pH 7.1 control rate and 75% of the pH 6.4 V max (pCa 4.50).
With normothermic ischemia, there is a progressive decrease in the maximal activation of the Ca ++ -ATPase activity at pH 7.1 (Fig. 4) ( Fig. 5 ) the control ATPase activity was 1.41 ± 0.05 /xmol Pi/mg per min which decreased to0.58±0.11 mol Pi/mg per min at 30 minutes of ischemia. Accompanying this decrease in maximal activation, there is also a progressive shift in calcium sensitivity to a higher concentration as determined by the pCa necessary for 50% activation (EC 50 ), although this shift is only statistically significant following 30 minutes of ischemia at pH 7.1 and 15 minutes of ischemia at pH 6.4 (Table 2 ). Maximal velocity was taken at pCa 5.25 at pH 7.1, whereas pCa 4.50 was used at pH 6.4. Although it may not appear that the ATPase rate has reached a maximum at pCa 4.5 at 15 and 30 minutes of ischemia, we feel justified in using this point for comparison for the following reasons. One, at pH 7.1, V max is attained at the same pCa (5.25) in each population. It would be unlikely to postulate a shift in the pCa required for maximum activation at one pH (6.4) and not another (pH 7.1). Second, pCa 4.5 is within the known physiological range of calcium available for maximal activation of mammalian heart cells (Fabiato, 1981) . Third, a small further increase in activation would result in a lower EC50, making our calculation conservative. The shape of the pCa ATPase curves indicate that there is most probably positive cooperativity between the calcium-binding sites on the calcium transport system. This is confirmed by using Hill plots to calculate the Hill coefficients which are greater than unity (Table 2) . In all cases, pH 7.1 and pH 6.4, there is a progressive decrease in the Hill coefficient toward unity. Although by definition this indicates there is a probable decrease in cooperativity of the calcium activated ATPase, the mechanism by which this may occur was not established.
The third mechanism which may contribute to a decrease in calcium uptake is an alteration in the permeability of the SR membrane. This would result in a "leaking out" of transported calcium prior to binding within the vesicle, leading to an apparent uncoupling of calcium transport. In order to determine the passive calcium efflux correctly, it is necessary that calcium uptake be at steady state. Steady state calcium uptake studies were performed in the absence of oxalate, and the results are presented in Table 3 . These results indicate that steady state calcium uptake is affected by ischemia to a greater extent at pH 7.1 than at pH 6.4. These results of pH on steady state uptake have been previously observed by Levitsky et al. (1981) , and may result from an effect of pH on the structure of the membrane. However, there is still a consistent decrease in steady state uptake with ischemia. Sarcoplasmic reticulum from the 30-minute ischemic population could not reproducibly support steady state calcium uptake. Since steady state calcium uptake represents a balance between calcium influx and efflux, the decrease in uptake could represent either a decrease in influx or an increase in efflux.
We have already demonstrated that there is a decrease in active calcium influx (Ca ++ -ATPase). Passive calcium efflux studies were conducted to establish the role of the passive efflux pathway. To determine the calcium efflux, it is necessary to know the calcium load in the SR. The total amount of calcium associated with the SR at steady state (Table  3) is the sum of the calcium load (Caj + Ca w ) and the extravesicular bound calcium (Cabo). Under conditions of low total calcium (9.4-10.5 ^M), ischemia produces a diminished level of accumulated calcium which is reflected by the decreased calcium load (Caj + Ca b j). By plotting the load against the passive efflux (J p ), the permeability coefficient (P), as well as the intravesicular bound calcium (Cabi), can be determined from the slope and the intercept of the x-axis, respectively (Feher and Briggs, 1983) . Table  4 lists the measured and calculated data which determine the passive calcium efflux following the attainment of steady state in actively loaded populations.
As expected, there is a significant increase in the permeability of the membrane associated with ischemia. The passive calcium efflux, J p , however, is decreased with ischemia. An explanation for this can be ascertained from the free calcium load, Cai, on which the passive efflux is dependent. There is a marked decrease in Ca^-thus, the passive efflux is greatly reduced. These studies indicate that an increase in membrane permeability occurs following ischemia, contributing to the overall decrease in calcium transport by the sarcoplasmic reticulum. However, this increase in permeability is not great enough to account entirely for the decrease in observed coupling ratios.
Discussion
Our results would appear to document a defect in cardiac sarcoplasmic reticulum (SR) calcium trans- •f Between 7.5 minutes and 15 minutes of ischemia. P = passive permeability port during the early phase of myocardial ischemia, and support the hypothesis of Nayler et al. (1979) that the early phase of ischemia and/or hypoxic injury characterized by a decrease in developed tension, followed by an increase in resting tension, results from a breakdown of the excitation-contraction coupling system. A depression in calcium transport was observed in both the whole heart homogenate and the isolated sarcoplasmic reticulum. This observation contrasts with the earlier report of Feher et al. (1980) , who noted a disparity between whole heart homogenate SR calcium uptake and calcium uptake by isolated cardiac SR. In contrast to our study, Feher et al. utilized an unfractionated homogenate, a much more severe (60-minute) model of global ischemia and an isopycnic centrifugation technique for SR isolation which requires 14 hours of centrifugation. Our present study offers the advantage of utilizing the post-nuclear supernatant for comparison to the isolated SR. This step removes unfractionated cells (Matlib et al., 1979) , and we feel this results in a more valid comparison of the isolated SR to the homogenate. Our data from both the control and ischemic groups would appear to confirm this observation. Perhaps the combination of prolonged ischemia followed by prolonged centrifugation utilized by Feher et al. (1980) resulted in the selection of a more severely injured population of SR vesicles. In contrast, our results clearly indicate a tight correlation between oxalate-supported whole-heart homogenate SR calcium uptake rates and the uptake rates by the isolated SR. This may be the consequence of a shorter duration of global ischemia and an isolation technique that requires only 3 hours of centrifugation, thus minimizing the possibility of mechanical injury to the SR during the isolation procedure.
Our data add further insight into the effects of acidosis on calcium transport by cardiac SR. Garlick et al. (1979) have demonstrated using 31 P nuclear magnetic resonance to measure intracellular pH, that there is a steady decline in intracellular pH from 7.1 to 6.4 in the first 13 minutes of total global ischemia. Our data suggest that there is a progressive shift in the sensitivity of the Ca ++ -ATPase to higher calcium concentrations at pH 6.4, as compared to pH 7.1. A similar shift in the pCa-ATPase curve down and to the right, resulting from a decrease in pH, has recently been demonstrated in skeletal SR (Inesi et al., 1980) . The shift in calcium sensitivity would allow for an increase in the resting levels of intracellular calcium, while the depression in the maximal velocity would result in a depressed calcium transport, which we observe. A mechanism that may cause the shift has been suggested by Mandel et al. (1982) , who suggested that, below pH 6.8, there was a prolongation of the rates of formation and decomposition of the phosphorylated enzyme intermediate (E-P) in the Ca ++ -transport cycle. Since this is considered to be the rate-limiting step, it would have a major influence on the rates of calcium uptake. pH affects not only the mechanism of calcium transport, but, also, the storage of calcium by the SR. Fabiato and Fabiato (1978) indicated that, under moderate acidotic conditions of pH 6.6, cardiac SR did not have the capacity to store adequate amounts of 183 calcium to activate the myofilaments fully. Our data substantiate these accounts in terms of oxalate-supported calcium uptake, which is depressed 60% with a change in pH from 7.1 to 6.4 in isolated SR and homogenate studies.
Our data also suggest that the effects of acidosis and ischemia on sarcoplasmic reticulum isolated from the ischemic heart are additive. Previous investigators (Schwartz et al., 1973; Hess et al., 1980 Hess et al., , 1981 Feher et al., 1980) have studied isolated SR from the ischemic heart at only pH 7.0. Since the data of Garlick et al. (1979) demonstrate an intracellular pH of 6.4 by 5 minutes of global ischemia, the concept of performing studies with tissue preparations from ischemic models at a lower pH (6.4) becomes physiologically relevant. At the onset of ischemia, the cardiac cellular pH is 7.1, whereas, by 15 minutes of ischemia, the intracellular pH has declined to pH 6.4. Thus, if one is to understand the function of the cardiac cell during ischemia, it is necessary to perform the studies under conditions which mimic the ischemic environment. If one compares the decrease in SR calcium uptake from the ischemic group at pH 6.4 over a 15-minute time course against the control at pH 7.1, one finds a tight temporal correlation between the decrease in intracellular pH, loss of SR calcium uptake ability, and the decrease in tension development. This points out the rapidity of ischemic injury to the SR.
This concept of the accompanying acidosis during ischemia becomes extremely important to the characterization of SR function during ischemia. In both the whole heart homogenate studies and the isolated SR, at pH 7.1, the 15-to 30-minute ischemic groups demonstrated an 80% depression of calcium uptake. However, if one compares the 30-minute ischemic group at pH 6.4 to the pH 7.1 control, a situation analogous to the ischemic myocardial cell, one finds a 93% depression of calcium uptake rate in both the whole heart homogenate and the isolated SR. This sort of analogy permits one to speculate on the potential mediators of the SR dysfunction during the early phase of ischemia. Our control-isolated SR calcium uptake and ATPase data demonstrate a 60% depression as a result of a decrease in pH alone. However, as the term of ischemia progresses, the effect of pH alone lessens, such that, at 30 minutes of ischemia, there is only a 7% additive effect of pH on SR calcium transport. Thus, there appears to be an additional and more prominent effector over and above the increase in hydrogen ion concentration which is responsible for the depression in SR calcium transport. This effector, although as yet unidentified, appears to function at the SR ATPase, resulting in a decrease in activity and on the SR membrane, causing an alteration in permeability.
The generation of oxygen-free radicals in the ischemic, acidotic heart would appear to be a good candidate for this additional mediator. Recently, Hess et al. (1984) , studying SR calcium uptake in whole heart homogenate, have demonstrated that preincubation of heart homogenate at pH 6.4 for 5-15 minutes results in the generation of oxygen-free radicals (the superoxide anion and the hydroxyl radical) which can be scavenged by the free radical scavengers, superoxide dismutase and mannitol. This time frame of 5-15 minutes necessary for the generation of oxygen-free radicals at pH 6.4 fits well with our time frame of significant SR injury during the first 7.5-15 minutes of global ischemia, and also fits well the time course of mechanical dysfunction in the hypoxic heart reported by Nayler et al. (1979) .
Having identified a significant defect in the calcium transport system of cardiac SR during the early phases of global ischemia, one can now ask what the consequences of sarcoplasmic reticulum injury would be to cardiac function. The final phase of hypoxic, ischemic injury is characterized by a progressive increase in resting tension with the formation of rigor complexes that heralds the irreversible phase of myocardial ischemia. The formation of rigor complexes most probably involves both a decrease in intracellular ATP concentration and a significant increase in intracellular calcium concentration. The increase in intracellular calcium with subsequent mitochondrial calcium accumulation and resultant decrease in ATP production would appear to be the final common pathway for ischemic contracture.
It has long been assumed that the source for this intracellular calcium overload was the extracellular space owing to the concentration gradient across the sarcolemmal membrane. However, this concept has been challenged by Bourdillion and Poole-Wilson (1982) , analyzing calcium influx and efflux in the ischemic rabbit intraventricular septum. These investigators demonstrated no net increase in tissue uptake of calcium during the ischemic phase and no change in net efflux. It is only after reperfusion and reoxygenation that an increase in total tissue calcium is observed that can be explained by the influx of calcium from the extracellular to the intracellular compartment. These data strongly support a primary intracellular source of free calcium as the initiating event for the final, irreversible phase of myocardial ischemia. Since it is now recognized that the sarcoplasmic reticulum of cardiac muscle serves as the major source and sink of coupling calcium in the excitation-contraction coupling sequence (Fabiato and Fabiato, 1975) , with the progressive decrease in sarcoplasmic reticulum calcium uptake, accompanied by a decrease in the available ATP, free cytosolic calcium concentrations would increase. An increase in intracellular calcium concentration would result in the formation of calcium-troponin, which, accompanied by a decrease in ATP concentration, would cause formation of rigor complexes. Thus, we would hypothesize that disruption of the sarcoplasmic reticulum during the course of myocardial ischemia serves as a source of the intracel-
